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corrections aect distributions in the Higgs boson pair invariant mass and the transverse
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nd that these corrections lead to signicant and
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analytical parametrisation for the total cross-section and the mhh distribution as a function
of the anomalous Higgs couplings that includes NLO corrections. Such a parametrisation
can be useful for phenomenological studies.
Keywords: NLO Computations, QCD Phenomenology
ArXiv ePrint: 1806.05162
Open Access, c The Authors.
Article funded by SCOAP3.
https://doi.org/10.1007/JHEP09(2018)057
J
H
E
P
0
9
(
2
0
1
8
)
0
5
7
Contents
1 Introduction 1
2 Details of the calculation 3
2.1 The Higgs-electroweak chiral Lagrangian 3
2.2 Calculation of the NLO QCD corrections 5
2.2.1 Virtual corrections 9
2.2.2 Real radiation 9
2.2.3 Parametrisation of the total cross section 10
2.2.4 Validation of the calculation 10
3 Phenomenological results 10
3.1 NLO cross sections and heat maps 11
3.2 Cross sections and distributions at several benchmark points 13
3.2.1 Total cross sections 14
3.2.2 mhh and pT;h distributions 15
3.2.3 Discussion of the benchmark points 23
4 Conclusions 24
A Dierential coecients of all coupling combinations for mhh 25
B Relation between EWChL and SMEFT 26
1 Introduction
Exploring the Higgs sector and the mechanism of electroweak symmetry breaking is one
of the primary goals for the current and future LHC program as well as other planned
experiments. While some of the properties of the Higgs boson, like its mass, spin and
couplings to electroweak bosons, have been measured meanwhile impressively well [1], other
parameters, like the couplings to (light) fermions, and in particular the self-coupling, are
still largely unconstrained and leave room for physics beyond the Standard Model, see e.g.
ref. [2] for a recent review.
In the Standard Model (SM) the strength of all Higgs boson couplings is predicted;
however, eects of physics beyond the Standard Model (BSM) may lead to deviations
which, once rmly established, are a clear sign of New Physics. Since higher-order QCD
corrections are known to be important in Higgs boson production processes, they need to
be taken into account to improve the sensitivity to New Physics eects.
Given the energy gap between the electroweak scale at v ' 250 GeV and a New Physics
scale  which is supposed to be in the TeV range, it is natural to parametrise the BSM
eects in a model-independent way in an Eective Field Theory (EFT) framework. Such a
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framework can be formulated in various ways, where we can distinguish two main categories,
often called \linear EFT" and \non-linear EFT". The linear EFTs [3, 4], also known as
\SMEFT" [5{9], are organised by canonical dimensions, formulated as power series in the
dimensionful parameter 1=. The non-linear EFTs are organised by chiral dimensions. The
corresponding formalism, including a light Higgs boson, has been developed in refs. [10{23]
and usually goes by the name \Electroweak Chiral Lagrangian" (EWChL). We will work
in the \non-linear EFT" framework, where the Higgs eld is an electroweak singlet. The
main benet of this approach is that the anomalous Higgs couplings are singled out, in a
systematic way, as the dominant New Physics eects in the electroweak sector.
Higgs boson pair production in gluon fusion is the most promising process to nd
out whether the Higgs boson self-coupling is Standard-Model-like. Early studies of Higgs
boson pair production within an EFT framework can be found in refs. [24{27]. Many
phenomenological investigations about the potential of this process to reveal New Physics
have been performed since, see e.g. refs. [28{44].
In the SM, Higgs boson pair production has been calculated at leading order in refs. [45{
47]. As it is a loop-induced process, higher order calculations with full top quark mass
dependence involve multi-scale two-loop integrals. Therefore, the NLO calculations until
recently have been performed in the mt !1 limit [48] also called HEFT (\Higgs Eective
Field Theory"),1 and then rescaled by a factor BFT=BHEFT, BFT denoting the leading order
matrix element squared in the full theory. This procedure is called \Born-improved HEFT"
in the following. In refs. [49, 50], an approximation called \FTapprox" was introduced, which
contains the full top quark mass dependence in the real radiation, while the virtual part is
calculated in the HEFT approximation and rescaled at the event level by the re-weighting
factor BFT=BHEFT.
In addition, the HEFT results at NLO and NNLO have been improved by an expansion
in 1=m2t in refs. [51{54]. The NNLO QCD corrections in the heavy-top limit have been
computed in refs. [52, 55{57], and they have been supplemented by an expansion in 1=m2t in
ref. [53] and by threshold resummation, at NLO+NNLL in ref. [58] and at NNLO+NNLL
in ref. [59], leading to K-factors of about 1.2 relative to the Born-improved HEFT result.
The full NLO corrections, including the top quark mass dependence also in the vir-
tual two-loop amplitudes, have been calculated in ref. [60]. Phenomenological studies
at 14 TeV and 100 TeV, including variations of the Higgs boson self-coupling, have been
presented in ref. [61]. The full NLO calculation was supplemented by NLL transverse mo-
mentum resummation in ref. [62]. It also has been matched to parton shower Monte Carlo
programs [63, 64], where the matched result of ref. [63] is publicly available within the
POWHEG-BOX-V2 framework.
Recent work also includes a combination of an analytic threshold expansion and a large-
mt expansion together with a Pade approximation framework [65], and analytic results
based on a high energy expansion for the planar part of the two-loop amplitude [66].
1Sometimes the electroweak chiral Lagrangian with a light Higgs boson is also referred to as Higgs
Eective Field Theory (HEFT) in the literature. The two EFTs are unrelated and should be carefully
distinguished. Here we employ the term electroweak chiral Lagrangian for the non-linear EFT of physics
beyond the SM, and reserve the expression HEFT for the heavy-top limit in Higgs interactions.
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Very recently, top quark mass eects have been incorporated in the NNLO HEFT
calculation, including the full NLO result and combining one-loop double-real corrections
with full top mass dependence with suitably reweighted real-virtual and double-virtual
contributions evaluated in the large-mt approximation [67].
Within a non-linear EFT framework, higher order QCD corrections have been per-
formed in the mt !1 limit. The NLO QCD corrections have been calculated in ref. [68],
recently also supplemented with the case of CP-violating Higgs sectors [69]. The NNLO
QCD corrections in the mt !1 limit including dimension 6 operators have been presented
in ref. [70]. These calculations found rather at K-factors, which however could be an arte-
fact of the mt ! 1 limit. One of the main goals of the present paper is to investigate
whether this feature is preserved once the full top quark mass dependence is taken into
account. We calculate the NLO QCD corrections to Higgs boson pair production in gluon
fusion within the non-linear EFT framework, retaining the full top quark mass dependence,
based on the numerical approach developed in ref. [60]. In order to quantify the dierent
eects of the ve operators and corresponding couplings that can lead to deviations from
the SM in the Higgs sector, we give results for the total NLO cross section parametrised
in terms of 23 coecients of all possible combinations of these couplings, as introduced
at LO in refs. [31, 71]. We also show dierential distributions for 12 benchmarks points
which should be characteristic for clusters of BSM scenarios. Such clusters were identi-
ed in refs. [71{73] at leading order and represent partitions of the BSM parameter space
according to the shape of the dierential distributions. We demonstrate that there are
regions where the NLO corrections lead to substantial and non-homogenous K-factors and
provide numbers for the parametrisation of the NLO cross section, which can be used in
subsequent phenomenological studies.
This paper is organised as follows. In section 2, we explain the framework of the cal-
culation. In particular, we introduce the Higgs-electroweak chiral Lagrangian and describe
how it is applied to Higgs boson pair production, including the NLO QCD corrections.
Section 3 is dedicated to the phenomenological results. We provide a parametrisation of
the NLO cross section in terms of coecients of all combinations of couplings occurring
in the NLO cross section. Based on this parametrisation we show heat maps both at LO
and at NLO, where we vary two couplings while keeping the others xed to the SM values.
Then we give results for total cross sections and dierential distributions at twelve bench-
mark points and discuss their implications before we conclude. An appendix explains the
conventions used for the tables containing the dierential coecients of the couplings in
the Higgs boson pair invariant mass distribution. The values are available in csv format as
ancillary les to the arXiv submission and the JHEP publication. A further appendix com-
pares the treatment of Higgs-pair production in the Higgs-electroweak chiral Lagrangian
and in SMEFT.
2 Details of the calculation
2.1 The Higgs-electroweak chiral Lagrangian
In the present analysis, we will describe the potential impact of physics beyond the Standard
Model through the electroweak chiral Lagrangian including a light Higgs boson [19, 21, 74].
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This framework provides us with a consistent eective eld theory (EFT) for New Physics
in the Higgs sector, as we will summarise in the following.
To leading order the Lagrangian is given by
L2 =  1
2
hGGi   1
2
hWWi   1
4
BB
 +
X
 =qL;lL;uR;dR;eR
 i 6D 
+
v2
4
hDU yDUi (1 + FU (h)) + 1
2
@h@
h  V (h)
 v
"
qL
 
Yu +
1X
n=1
Y (n)u

h
v
n!
UP+qR + qL
 
Yd +
1X
n=1
Y
(n)
d

h
v
n!
UP qR
+lL
 
Ye +
1X
n=1
Y (n)e

h
v
n!
UP lR + h:c:
#
: (2.1)
The rst line is the unbroken SM, the remainder represents the Higgs sector. Here h is the
Higgs eld and U = exp(2i'aT a=v) encodes the electroweak Goldstone elds 'a, with T a
the generators of SU(2). v is the electroweak vacuum expectation value, P = 1=2T3, and
DU = @U + igWU   ig0BUT3 : (2.2)
The trace of a matrix A is denoted by hAi. The left-handed doublets of quarks and leptons
are written as qL and lL, the right-handed singlets as uR, dR, eR. Generation indices are
omitted. In the Yukawa terms the right-handed quark and lepton elds are collected into
qR = (uR; dR)
T and lR = (0; eR)
T , respectively. In general, dierent avour couplings Y
(n)
u;d;e
can arise at every order in the Higgs eld hn, in addition to the usual Yukawa matrices
Yu;d;e. The h-dependent functions are
FU (h) =
1X
n=1
fU;n

h
v
n
; V (h) = v4
1X
n=2
fV;n

h
v
n
: (2.3)
In the limit where
fU;1 = 2; fU;2 = 1; fV;2 = fV;3 =
m2h
2v2
; fV;4 =
m2h
8v2
; Y
(1)
f = Yf ; (2.4)
and all other couplings fU;n, fV;n, Y
(n)
f equal to zero, the Lagrangian in (2.1) reduces
to the usual SM. For generic values of those parameters, the Lagrangian describes the
SM with arbitrary modications in the Higgs couplings. While the deviations of these
couplings from their SM values could, in principle, be of order unity, the parametrisation
in (2.1) remains relevant as long as the anomalous Higgs couplings are the dominant New
Physics eects at electroweak energies. Employing (2.1), we assume that this is the case.
Such a hypothesis remains to be tested experimentally. We emphasise, however, that the
assumption is well motivated by the current status of Higgs coupling measurements. These
still allow deviations from the SM of 10 { 20% or more, considerably larger than the typical
precision of 1% reached in the electroweak gauge sector [75]. A useful property of the
Lagrangian (2.1) is therefore that it allows us to concentrate on anomalous Higgs couplings
in a systematic way [22, 76].
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In fact, the intuitive picture of introducing (2.1) as the SM with modied Higgs cou-
plings can be formulated as a consistent EFT. Because of the need to write the modied
Higgs couplings in a gauge-invariant way, the Higgs eld has to be represented as an elec-
troweak singlet h, independent of the Goldstone matrix U = exp(2i'aT a=v). The latter
transforms as U ! gLUgyY under the SM gauge group. The symmetry is non-linearly re-
alised on the Goldstone elds 'a. The Lagrangian (2.1) is then nonrenormalisable (in the
traditional sense) as it contains interaction terms of arbitrary canonical dimension. The
EFT is therefore not organised by the canonical dimension of operators, but rather by
chiral counting in analogy to the chiral perturbation of pions in QCD. Chiral counting is
equivalent to an expansion in loop orders L, which can be conveniently counted by assign-
ing chiral dimensions d  2L+ 2 to elds and weak couplings. This assignment is simply
0 for bosons, and 1 for each derivative, fermion bilinear and weak coupling:
d(A; '; h) = 0 ; d(@;   ; g; y) = 1 : (2.5)
Here A represents a generic gauge eld, ' the Goldstone bosons, and h the Higgs scalar.
g denotes any of the SM gauge couplings g, g0, gs, and y any other weak coupling, such as
the Yukawa couplings or the square-roots of the parameters fV;n in the Higgs potential.
Based on this counting, the leading-order expression (2.1) can be constructed from the
SM eld content and symmetries as the most general Lagrangian of chiral dimension 2.
Leading processes are described by tree-level amplitudes from (2.1). Next-to-leading order
eects come from one-loop contributions of (2.1) and from tree-level terms of the NLO
Lagrangian L4. Both are considered to be of `one-loop order', or chiral dimension d = 4.
We next apply this framework to Higgs-pair production gg ! hh. Since this process
is loop-induced, at leading order both one-loop diagrams built from the LO interactions,
as well as tree contributions from the NLO Lagrangian have to be taken into account. The
relevant terms from the eective Lagrangian L2 + L4 are given by [77]
L   mt

ct
h
v
+ ctt
h2
v2

t t  chhhm
2
h
2v
h3 +
s
8

cggh
h
v
+ cgghh
h2
v2

GaG
a; : (2.6)
The rst three couplings, ct, ctt, chhh, are from L2, the Higgs-gluon couplings cggh and
cgghh from L4 [19, 76]. To lowest order in the SM ct = chhh = 1 and ctt = cggh = cgghh = 0.
In general, all couplings may have arbitrary values of O(1). Note that we have extracted
a loop factor from the denition of the Higgs-gluon couplings.
The leading-order diagrams are shown in gure 1. All diagrams are at the same order
in the chiral counting (chiral dimension 4, equivalent to one-loop order). They illustrate
the interplay between leading order anomalous couplings (black dots) within loops, and
next-to-leading order terms (black squares) at tree level. All the ve couplings dened
in (2.6) appear in gure 1. In the following section we discuss the extension of this analysis
to the next order in QCD.
2.2 Calculation of the NLO QCD corrections
Within the framework of the electroweak chiral Lagrangian, the calculation of the gg ! hh
amplitude can be extended to the next order in the loop expansion, that is to two-loop
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Figure 1. Higgs-pair production in gluon fusion at leading order in the chiral Lagrangian. The
black dots indicate vertices from L2, the black squares denote local terms from L4.
order, or chiral dimension 6. In full generality, this would require to also include two-loop
electroweak corrections and local terms from the Lagrangian at chiral dimension 6. The
latter introduce additional couplings, parametrising subleading new-physics eects. Such
eects are beyond the experimental sensitivity in the foreseeable future, given that even
the determination of the LO couplings in (2.6) remains a substantial challenge. On the
other hand, radiative corrections from QCD are known to be very important for gg ! hh
and similar processes.
For this reason, we extend the calculation of gg ! hh to the next order in the non-linear
EFT, but restrict the NLO corrections to the eects from QCD. Within the systematics
of the EWChL this approximation corresponds to including those corrections at chiral
dimension 6 that come with a relative factor of the QCD coupling g2s . This procedure
is consistent without introducing further anomalous couplings, beyond the ones in (2.6),
because this eective Lagrangian is renormalisable with respect to QCD [22]. Since the
LO amplitude for gg ! hh scales as  g2s , the NLO virtual corrections of interest to us
comprise all the diagrams at two-loop order carrying a factor of g4s . They exist as two-loop,
one-loop and tree topologies, as illustrated in gures 2, 3 and 4, respectively.
In addition, real emission diagrams at O(g3s) have to be included as shown in gure 5.
To further clarify our approximation with respect to the full chiral expansion at NLO,
we give in gure 6 a few examples of higher-order eects that are consistently neglected in
our scheme.
Example (a) shows a correction from electroweak-boson exchange. It is of two-loop
order, but scales as g2sg
2, rather than g4s . It is not a NLO QCD eect and we neglect it here.
Similarly, the one-loop topology in (b) counts as two-loop order, but scales only as
g2schhhh, with chhhh the (anomalous) quartic Higgs coupling.
In example (c) we consider an anomalous top-gluon coupling of the form QttG =
ytgstLG
tR, where the top Yukawa coupling reects the change in chirality. This
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Figure 2. Higgs-pair production in gluon fusion at NLO: examples for virtual two-loop diagrams
at order g4s .
operator is therefore (at least) of chiral dimension 4 (one-loop order) and the diagram in
gure 6 (c) of two-loop order, but again not of order g4s . Since (2.1) assumes that the
top quark is weakly coupled to the (possibly strongly interacting) new-physics sector, it
is more likely that the operator comes with further weak couplings from tL and tR and
thus carries chiral dimension 6. In this case, diagram (c) is of three-loop order and clearly
negligible. The eect of the chromomagnetic operator on single Higgs boson production
has been calculated recently in the context of SMEFT in ref. [78].
Example (d) illustrates the eect of a local Higgs-gluon interaction of chiral dimen-
sion 6, which enters at two-loop order as a tree-level topology. A possible operator would
be g2sG
a
G
a;@h@
h. However, this eect, although of two-loop order, does not scale
as g4s .
Finally, we may have an operator g3sf
abcGaG
b;
G
c;h, also of chiral dimension 6.
Diagram (e) then amounts to a two-loop order interaction with real emission, which is
beyond our approximation.
At the technical level, the NLO QCD corrections have been calculated building on the
setup described in refs. [60, 61], summarised briey below.
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Figure 3. Higgs-pair production in gluon fusion at NLO: examples for virtual one-loop diagrams
at order g4s .
Figure 4. Higgs-pair production in gluon fusion at NLO: tree diagram at order g4s .
Figure 5. Higgs-pair production in gluon fusion at NLO: examples for real-emission diagrams at
order g3s .
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(a) (b)
(d) (e)
(c)
Figure 6. Higgs-pair production in gluon fusion at NLO: examples for contributions that are
consistently neglected within our approximation. The dotted square indicates a local term at chiral
dimension 6 (two-loop order). See text for further explanation.
2.2.1 Virtual corrections
The virtual part of order 3s consists of genuine two-loop diagrams as well as one-loop and
tree-level diagrams, see gures 2, 3 and 4.
For the two-loop part, we made use of the numerical results for the two-loop virtual di-
agrams in the Standard Model (SM) by dividing them into two classes: diagrams containing
the Higgs-boson self-coupling (\triangle-type"), and diagrams without (\box-type"). The
tthh coupling generates new two-loop topologies, see e.g. the second line of gure 2. The
results for these diagrams however can be obtained from the SM triangle-type diagrams
by multiplying them with the inverse Higgs boson propagator and rescaling the couplings,
i.e. multiplying with ctt=chhh. The other two-loop diagrams occurring in our calculation
have the same topologies as in the SM and therefore can be derived from the SM results
by rescaling of the couplings ct and chhh.
The one-loop part containing the Higgs-gluon contact interactions has been calculated
in two ways: rst, using GoSam [79, 80] in combination with a model le in ufo format [81],
derived from an eective Lagrangian using FeynRules [82], and second analytically as a
cross-check.
As we are only considering QCD corrections, the renormalisation procedure is the same
as in the SM and is described in ref. [61].
2.2.2 Real radiation
The real corrections consist of 5-point one-loop topologies with closed top quark loops as
well as tree-level diagrams, see gure 5. Both classes of diagrams have been generated with
GoSam and arranged such that interferences between the two classes are properly taken
into account.
In order to isolate the singularities due to unresolved radiation, we use the same
framework as in ref. [61], i.e. we use the Catani-Seymour dipole formalism [83], combined
with a phase space restriction parameter  as suggested in ref. [84].
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The various building blocks are assembled in a C++ program and integrated over the
phase space using the Vegas algorithm [85] as implemented in the Cuba library [86].
2.2.3 Parametrisation of the total cross section
To parametrise the deviations of the total cross section from the one in the SM, we write
the LO cross section in terms of the 15 coecients A1; : : : ; A15, following refs. [31, 71].
=SM = A1 c
4
t +A2 c
2
tt +A3 c
2
t c
2
hhh +A4 c
2
gghc
2
hhh +A5 c
2
gghh +A6 cttc
2
t +A7 c
3
t chhh
+A8 cttct chhh +A9 cttcgghchhh +A10 cttcgghh +A11 c
2
t cgghchhh +A12 c
2
t cgghh
+A13 ctc
2
hhhcggh +A14 ctchhhcgghh +A15 cgghchhhcgghh : (2.7)
At NLO the coecients A1; : : : ; A15 are modied and new terms appear. We nd:
=SM = A16 c
3
t cggh +A17 ctcttcggh +A18 ctc
2
gghchhh +A19 ctcgghcgghh
+A20 c
2
t c
2
ggh +A21 cttc
2
ggh +A22 c
3
gghchhh +A23 c
2
gghcgghh : (2.8)
2.2.4 Validation of the calculation
To validate our results, we have compared the Born-improved NLO HEFT results calculated
with our setup with the ones from ref. [68], where we nd agreement if we use r = f =
mhh and MSTW2008 [87] PDFs at LO/NLO for the LO/NLO calculation, along with the
corresponding s value.
2
We also have cross-checked the results by using two independent codes, where the only
common parts are the ufo model les and the SM virtual two-loop corrections.
In addition, we have compared the leading order distributions, benchmark points and
ts of the coupling coecients in the total cross section (see eq. (2.7)) with the ones given
in refs. [31, 71, 72]. We nd agreement with ref. [31] for all Ai coecients at the 1%
level. Comparing to refs. [71, 72], we systematically nd values that dier by 15-20% for
coecients linear in cggh and by  40% for the coecient quadratic in cggh. We also
compared our results with the distributions shown in refs. [71, 72], nding agreement for
all benchmark points except for benchmark point 8. While in refs. [71, 72] a dip in the
leading order distribution is found for benchmark point 8, we nd no such dip. This is why
we chose a dierent point of cluster 8 which does show a dip, and which we call 8a.
3 Phenomenological results
In this section we present numerical results for benchmark points which were identied
in ref. [71] to represent partitions of the BSM parameter space according to characteris-
tic shapes of dierential distributions, in particular the Higgs boson pair invariant mass
distributions. All our results are for a centre-of-mass energy of
p
s = 14 TeV.
The results were computed using the PDF4LHC15 nlo 100 pdfas [88{91] parton dis-
tribution functions interfaced via LHAPDF [92], along with the corresponding value for
s(), with s(MZ) = 0:118. The masses of the Higgs boson and the top quark have been
2Our default settings are to use PDF4LHC15 [88] PDFs for both the LO and the NLO results.
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set to mh = 125 GeV and mt = 173 GeV (pole mass), respectively. The widths of the top
quark (and the Higgs boson) have been set to zero. Bottom quarks are treated as massless
and therefore are not included in the fermion loops. The scale uncertainties are estimated
by varying the factorisation scale F and the renormalisation scale R around the central
scale 0 = mhh=2, using the envelope of a 7-point scale variation. The latter means that we
use R;F = cR;F 0, where cR; cF 2 f2; 1; 0:5g, and consider each combination except the
two extreme ones cR = 0:5; cF = 2 and cR = 2; cF = 0:5. In the SM case, the combinations
cR = cF = 0:5 and cR = cF = 2 always coincided with the envelope of the 7 combinations
to vary cR; cF .
3.1 NLO cross sections and heat maps
In this section we will provide results for the coecients dened in eqs. (2.7) and (2.8), i.e.
for the expression
NLO=NLOSM = A1 c
4
t +A2 c
2
tt +A3 c
2
t c
2
hhh +A4 c
2
gghc
2
hhh +A5 c
2
gghh +A6 cttc
2
t +A7 c
3
t chhh
+A8 cttct chhh +A9 cttcgghchhh +A10 cttcgghh +A11 c
2
t cgghchhh
+A12 c
2
t cgghh +A13 ctc
2
hhhcggh +A14 ctchhhcgghh +A15 cgghchhhcgghh
+A16 c
3
t cggh +A17 ctcttcggh +A18 ctc
2
gghchhh +A19 ctcgghcgghh
+A20 c
2
t c
2
ggh +A21 cttc
2
ggh +A22 c
3
gghchhh +A23 c
2
gghcgghh : (3.1)
We evaluated the coecients in two dierent ways: determination via projections and
performing a t, nding agreement of the results within their uncertainties. The results of
the projection method, including uncertainties, are summarised in table 1.
In the following we show heat maps for the ratio =SM, based on the results for
A1; : : : ; A23. For the xed parameters the SM values are used. Further we use 
LO
SM =
19:85 fb, NLOSM = 32:95 fb.
The couplings are varied in a range which seems reasonable when taking into account
the current constraints on the Higgs coupling measurements [1, 93, 94], as well as recent
limits on the di-Higgs production cross section [95{98].
In gure 7 we display heat maps where the anomalous coupling ctt is varied in combina-
tion with the Higgs-gluon contact interactions cgghh and cggh. We show the ratio to the SM
total cross section both at LO and at NLO. We can see that the NLO corrections can lead
to a signicant shift in the iso-contours. It also becomes apparent that the cross sections
are more sensitive to variations of ctt than to variations of the contact interaction cggh.
Figure 8 shows variations of the triple Higgs coupling chhh in combination with cggh
and ctt. We observe that the deviations from the SM cross section can be substantial, and
again we see a rapid variation of the cross section when changing ctt.
In gure 9 we display variations of ct versus chhh, and variations of ct versus ctt. We see
that values of ct around 2.0 in combination with large negative values of chhh can enhance
the cross section by two orders of magnitude. Current experimental limits suggest that
the total cross section for Higgs boson pair production does not exceed about 13{24 times
the SM value, assuming a SM-like shape in the distributions [96, 97]. Together with the
prospects that ct will be increasingly well constrained in the future, e.g. from measurements
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A coe LO value LO uncertainty NLO value NLO uncertainty
A1 2.08059 0.00163127 2.23389 0.0100989
A2 10.2011 0.00809032 12.4598 0.0424131
A3 0.27814 0.00187658 0.342248 0.0153637
A4 0.314043 0.000312416 0.346822 0.00327358
A5 12.2731 0.0101351 13.0087 0.0962361
A6  8:49307 0.00885261  9:6455 0.0503776
A7  1:35873 0.00148022  1:57553 0.0136033
A8 2.80251 0.0130855 3.43849 0.0771694
A9 2.48018 0.0127927 2.86694 0.0772341
A10 14.6908 0.0311171 16.6912 0.178501
A11  1:15916 0.00307598  1:25293 0.0291153
A12  5:51183 0.0131254  5:81216 0.134029
A13 0.560503 0.00339209 0.649714 0.0287388
A14 2.47982 0.0190299 2.85933 0.193023
A15 2.89431 0.0157818 3.14475 0.148658
A16  0:00816241 0.000224985
A17 0.0208652 0.000398929
A18 0.0168157 0.00078306
A19 0.0298576 0.000829474
A20  0:0270253 0.000701919
A21 0.0726921 0.0012875
A22 0.0145232 0.000703893
A23 0.123291 0.00650551
Table 1. Results for the coecients dened in eq. (3.1). The uncertainties are obtained from the
uncertainties on the total cross sections entering the projections, using error propagation which
neglects correlations between these cross sections.
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Figure 7. Iso-contours of =SM: (a) cgghh and (b) cggh versus ctt.
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Figure 9. Iso-contours of =SM: (a) ct versus chhh and (b) ct versus ctt.
of ttH production [99, 100], this should allow to constrain some of the parameter space for
chhh.
3 Figure 10 shows variations of cgghh versus cggh and ct. We observe that the impact
on the NLO corrections is milder in this case.
In gure 11 we show the K-factors as a function of the coupling parameters, with the
others xed to their SM values. It shows that the rather at K-factors which have been
found [68, 70] in the mt ! 1 limit (at with respect to variations of one of the coupling
parameters) show a much stronger dependence on the coupling parameters once the full
top quark mass dependence is taken into account.
3.2 Cross sections and distributions at several benchmark points
In the following we will show results for the benchmark points dened in ref. [71], except
for benchmark point 8, where we choose a dierent one (denoted as \outlier" number 5 for
cluster 8 in ref. [72]) which has a more characteristic shape, and which we call 8a.
3Note that ct and cggh already receive indirect constraints from single Higgs boson processes, as they
enter in gg ! h and h! .
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Figure 10. Iso-contours of =SM: (a) cgghh versus cggh and (b) cgghh versus ct.
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Figure 11. K-factors for the total cross section as a function of the dierent couplings.
The conventions for the denition of the couplings between our Lagrangian, given in
eq. (2.6), and the one of ref. [71] are slightly dierent. In table 2 we list the conversion
factors to translate between the conventions.
The benchmark points translated to our conventions are given in table 3.
3.2.1 Total cross sections
We rst show the values for the total cross sections, together with their statistical uncer-
tainties and the uncertainties from scale variations. We should point out that the cross
sections for benchmark points B3; B4 and B12 are larger than the limits measured in the
bb decay channel [97, 98]. However, within the same cluster [72], i.e. the set of couplings
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EWChL eq. (2.6) Ref. [71]
chhh 
ct t
ctt c2
cggh
2
3cg
cgghh  13c2g
Table 2. Translation between the conventions for the denition of the anomalous couplings.
Benchmark chhh ct ctt cggh cgghh
1 7.5 1.0  1:0 0.0 0.0
2 1.0 1.0 0.5  1:63  0:2
3 1.0 1.0  1:5 0.0 0:83
4  3:5 1.5  3:0 0.0 0.0
5 1.0 1.0 0.0 1:63
1:0
3
6 2.4 1.0 0.0 0:43
0:2
3
7 5.0 1.0 0.0 0:43
0:2
3
8a 1.0 1.0 0.5 0:83 0.0
9 1.0 1.0 1.0  0:4  0:2
10 10.0 1.5  1:0 0.0 0.0
11 2.4 1.0 0.0 2:03
1:0
3
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0
Table 3. Benchmark points used for the distributions shown below.
which lead to a similar shape of the mhh distribution, one can easily nd combinations of
couplings where the value of the total cross section is below the experimental exclusion
bound. For example, taking the point chhh = 1; ct = 1; ctt = 0; cggh = 4=15; cgghh =  0:2
in cluster 4 leads to a cross section of about 1.8 times the SM cross section, still far from
being excluded, see gure 16.
The large dierences in the statistical uncertainties for the dierent benchmark points
are due to the fact that the results for the virtual two-loop part are based on rescaling of the
SM numerical results, which are distributed dierently in the phase space. Therefore the
statistical uncertainties are largest for benchmark points where the distribution in phase
space is very dierent from the SM case. For example, benchmark 10 has a large dierential
cross section at low mhh values, where the SM statistics is very low. This translates into
the large statistical uncertainty for benchmark 10.
3.2.2 mhh and pT;h distributions
Now we consider dierential cross sections for the 12 benchmark points. We show the
Higgs boson pair invariant mass distribution and the transverse momentum distribution
of one (any) of the Higgs bosons. For each benchmark point we show the full NLO result
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Benchmark NLO [fb] K-factor scale uncert. [%] stat. uncert. [%]
NLO
NLO;SM
B1 194.89 1.88
+19
 15 1.6 5.915
B2 14.55 1.88
+5
 13 0.56 0.4416
B3 1047.37 1.98
+21
 16 0.15 31.79
B4 8922.75 1.98
+19
 16 0.39 270.8
B5 59.325 1.83
+4
 15 0.36 1.801
B6 24.69 1.89
+2
 11 2.1 0.7495
B7 169.41 2.07
+9
 12 2.2 5.142
B8a 41.70 2.34
+6
 9 0.63 1.266
B9 146.00 2.30
+22
 16 0.31 4.431
B10 575.86 2.00
+17
 14 3.2 17.48
B11 174.70 1.92
+24
 8 1.2 5.303
B12 3618.53 2.07
+16
 15 1.2 109.83
SM 32.95 1.66 +14 13 0.1 1
Table 4. Total cross sections at NLO (second column) including the K-factor (third column), scale
uncertainties (4th column) and statistical uncertainties (5th column) and the ratio to the SM total
NLO cross section (6th column).
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Figure 12. Higgs boson pair invariant mass distribution and transverse momentum distribution
of one of the Higgs bosons for benchmark point 1, chhh = 7:5; ct = 1; ctt =  1; cggh = cgghh = 0.
The ratio plot with the K-factor shows NLOBSM/LOBSM. The lower ratio plot shows the ratios
(Born-improved NLO HEFT)/NLOBSM (purple) and FTapprox/NLOBSM (green).
in red, and compare it to the two approximations \Born-improved NLO HEFT" (purple)
and FTapprox (green). The leading order (yellow) as well as the SM results are also shown
(blue NLO, black LO). The lower ratio plot shows the ratio of the two approximate results
to the full NLO result. The upper ratio plot shows the dierential BSM K-factor, i.e.
NLOBSM/LOBSM, both evaluated with the same PDFs.
Figure 12 corresponds to a benchmark point with no Higgs-gluon contact interactions,
but an enhanced triple Higgs coupling and a nonzero tthh interaction with ctt < 0. The total
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Figure 13. Same as gure 12 but for benchmark point 2, chhh = 1; ct = 1; ctt = 0:5; cggh =
 8=15; cgghh =  0:2.
cross section is about 6 times the SM cross section, and the shape of the mhh distribution
is completely dierent from the SM. In fact, one can show analytically that the LO cross
section in the mt ! 1 limit exactly vanishes near mhh = 364 GeV, which relates to the
dip in the distribution. The huge enhancement at low mhh values is due to the large value
of chhh.
Figure 13, corresponding to benchmark 2, shows a very dierent behaviour. The result
is very much suppressed in the region where the SM shows a peak, while there is a large
enhancement in the tail of both the mhh and the pT;h distributions. The enhancement in
the tail is mainly due to the nonzero cgghh value, as the amplitude proportional to cgghh
grows like s^ [31]. We also notice that the approximations \Born-improved NLO HEFT"
and FTapprox cannot describe the pattern around the 2mt threshold, where the nonzero
value of ctt seems to play a signicant role. The K-factor for benchmark 2 is very non-
homogeneous around the dip in the mhh distribution, and can reach up to a factor of three.
This is a clear example where rescaling the LO result with a K-factor obtained from higher
order calculations in the HEFT approximation would lead to very dierent results.
Benchmark point 3, shown in gure 14, has the same values for chhh and ct as bench-
mark point 2 (the SM values), but the distributions show a very dierent behaviour. As in
the SM, there is a peak around the 2mt threshold, but the cross section is largely enhanced,
not only in the peak region. As mentioned above, with a total cross section of about 32
times the SM NLO cross section, this parameter point is above the current limit deduced
at 95% CL from the measured pp! HH ! bb cross section [97, 98].
Benchmark point 4, shown in gure 15, has negative values for chhh and ctt, a slightly
encreased Yukawa coupling ct, and no Higgs-gluon contact interactions. This combination
removes the destructive interference between dierent types of diagrams present in the
SM, and therefore leads to a very large cross section. The dierential K-factor is about 2,
as for the other benchmarks, and rather constant over the whole mhh range (whereas for
benchmark 2, the dierential K-factor is far from being homogeneous). Benchmark 4 is
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Figure 14. Same as gure 12 but for benchmark point 3, chhh = 1; ct = 1; ctt =  1:5; cggh =
0; cgghh = 4=15.
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Figure 15. Same as gure 12 but for benchmark point 4, chhh =  3:5; ct = 1:5; ctt =  3; cggh =
cgghh = 0.
the one with the largest cross section of all the considered benchmark points, with a total
cross section of about 270 times the SM one. This point in parameter space is excluded
already. Therefore, in gure 16, we also show results for another point from cluster 4,
dened by chhh = 1; ct = 1; ctt = 0; cggh = 4=15; cgghh =  0:2, which leads to a similar
shape as benchmark point 4, but to =SM = 1:8, and hence is not yet excluded. This
parameter point also has the interesting feature that the distributions for NLO SM and
LO BSM almost coincide. However, there is no degeneracy with the SM distribution once
the NLO corrections are taken into account.
Figure 17 shows distributions for benchmark point 5, where ctt is zero and chhh and
ct are as in the SM, while the Higgs-gluon interactions are nonzero. Similar to benchmark
point 2, we observe a dip near mhh = 350 GeV, but the LO HEFT amplitude does not
vanish there. The total cross section for benchmark point 5 is very similar to the SM one.
This is an example where dierential measurements are crucial to establish a clear BSM
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Figure 16. A point from cluster 4, chhh = 1; ct = 1; ctt = 0; cggh = 4=15; cgghh =  0:2, which
leads to a similar shape as benchmark point 4, but to a much smaller cross section.
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Figure 17. Same as gure 12 but for benchmark point 5, chhh = 1; ct = 1; ctt = 0; cggh =
8=15; cgghh = 1=3.
signal. The pT;h distribution shows the rather unexpected behaviour that FTapprox and
Born-improved HEFT drop very rapidly at large values of pT;h. The reason is that the
rescaling factor BFT=BHEFT becomes very large as the energy increases, because BHEFT
does not grow with s^ for this combination of couplings, but becomes very small. Therefore
the negative virtual corrections are multiplied by a very large factor, leading to the fall-o
of the green and purple curves in the tail of the pT;h distribution.
Benchmark point 6, shown in gure 18, also shows a dip, related to the fact that
the LO HEFT amplitude exactly vanishes at mhh = 429 GeV. In addition it has a large
enhancement of the low mhh region due to the value chhh = 2:4. Note that this value
for chhh is very close to the point where the total cross section as a function of chhh goes
through a minimum if all other couplings are kept SM-like.
Benchmark point 7, shown in gure 19, has the same values for cggh; cgghh; ct and
ctt as benchmark point 6, but a dierent value for chhh (chhh = 5). This makes the dip
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Figure 18. Same as gure 12 but for benchmark point 6, chhh = 2:4; ct = 1; ctt = 0; cggh =
2=15; cgghh = 1=15.
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Figure 19. Same as gure 12 but for benchmark point 7, chhh = 5; ct = 1; ctt = 0; cggh =
2=15; cgghh = 1=15.
disappear completely, leading to a total cross section which is about 6.7 times larger than
the one for benchmark 6, and a large enhancement of the low mhh and low pT;h regions.
The distributions also show that the full top quark mass dependence in the \triangle-type"
diagrams containing chhh, which dominate the low mhh region, seems to play a signicant
role, as the full NLO result is quite dierent from the approximate results.
Benchmark point 8a, displayed in gure 20, again shows a characteristic dip just before
the 2mt threshold. It is also an example where the total cross section is very similar to the
SM one, but the shape of both the mhh and the pT;h distributions clearly discriminates the
SM from the BSM case.
Benchmark point 9, displayed in gure 21, shows a large enhancement in the tails of
the distributions, similar to benchmarks 2 and 3, which can be attributed mainly to the
rather large value of cgghh, in combination with a non-zero value of ctt.
For benchmark point 10, shown in gure 22, the large value of chhh = 10 completely
dominates the shape, leading to a large enhancement in the low mhh and pT;h regions.
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Figure 20. Same as gure 12 but for benchmark point 8a, chhh = 1; ct = 1; ctt = 0:5; cggh =
4=15; cgghh = 0.
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Figure 21. Same as gure 12 but for benchmark point 9, chhh = 1; ct = 1; ctt = 1; cggh =
 0:4; cgghh =  0:2.
With a value for the total cross section which is about 17 times larger than the SM cross
section, benchmark point 10 is still allowed by the limits given by CMS [97], where separate
limits for the various benchmark points are given.
Benchmark point 11, displayed in gure 23, has the same value for chhh as benchmark 6,
which is the one where the destructive interference would be maximal if all other couplings
are kept SM-like. However, the destructive interference is compensated by the large and
non-zero values of cggh and cgghh, such that the total cross section for benchmark 11 is
about 5 times larger than the SM cross section. In view of the fact that this benchmark
point is dominated by the Higgs-gluon contact interactions parametrised by cggh and cgghh,
it is not a surprise that the approximations FTapprox and Born-improved HEFT agree quite
well with the full calculation, as all three curves have these contributions in common, while
the part which diers is damped by the destructive interference.
Benchmark point 12, shown in gure 24, has all couplings SM-like except ctt = 1 and
chhh, where for the latter an extreme value of chhh = 15 is chosen, leading to a cross section
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Figure 22. Same as gure 12 but for benchmark point 10, chhh = 10; ct = 1:5; ctt =  1; cggh =
cgghh = 0.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
d
/d
m
hh
 [f
b/
Ge
V]
NLO 
B-i. NLO HEFT
NLO FTapprox
LO
NLO SM
LO SM
1.0
1.5
2.0
2.5
K f
ac
  
300 400 500 600 700 800
mhh[GeV]
0.8
1.0
ra
tio
N
LO
BS
M
(a)
0.0
0.2
0.4
0.6
0.8
1.0
d
/d
p T
,h
 [f
b/
Ge
V]
NLO 
B-i. NLO HEFT
NLO FTapprox
LO
NLO SM
LO SM
1.0
1.5
2.0
2.5
K f
ac
  
0 50 100 150 200 250 300 350 400 450 500 550 600
pT, h[GeV]
0.6
0.8
1.0
ra
tio
N
LO
BS
M
(b)
Figure 23. Same as gure 12 but for benchmark point 11, chhh = 2:4; ct = 1; ctt = 0; cggh =
2=3; cgghh = 1=3.
about 100 times larger than the SM cross section. This scenario is already ruled out by
current LHC measurements.
All the distributions show that the NLO K-factors are large, being about a factor
of two or larger. Therefore it is essential to take NLO corrections into account. The
approximations where the top quark mass dependence is only partly taken into account
also dier substantially in the shape from the full result for some of the benchmark points,
which emphasises the importance of including the full top quark mass dependence.
In gure 25, we show the LO and NLO scale variation bands for benchmark point
5. This benchmark point is an example where the scale variation band of the 7-point
scale variation mainly decreases the dierential cross section over almost the whole mhh
range, where the upper limit of the scale variation band is mostly given by the combination
F = 0=2; R = 0, for some of the bins also by F = 0; R = 20. In the SM, the upper
limit of the 7-point scale variation band is given by F = R = 0 for all bins of the mhh
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Figure 24. Same as gure 12 but for benchmark point 12, chhh = 15; ct = 1; ctt = 1; cggh =
cgghh = 0.
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Figure 25. Scale variations for benchmark point 5.
distribution. We further notice that LO and NLO scale variation bands do not overlap for
the mhh distribution. However, this feature is also present in the SM.
3.2.3 Discussion of the benchmark points
Attempting a more global view of the behaviour of the mhh distribution as a function of the
ve BSM parameters, we can identify the following patterns: a dip in the mhh distributions
is present for benchmark points 1, 2, 5, 6 and 8a. The presence of a non-zero value for
ctt or cggh is a characteristic feature of many parameter space points that show a dip in
the mhh distribution, but this is not a necessary condition for the presence of the dip. For
instance, points with chhh ' 2:5ct and the other couplings vanishing also show such a dip.
For the subset (1, 2, 6) of the above points there is a mhh value where the LO amplitude
in the mt ! 1 limit exactly vanishes, which is a feature that can cause the dip. The
low mhh region is enhanced for benchmark points 1, 6, 7, 10, 11, 12, which is mainly due
to the large value of chhh, as the matrix element squared proportional to c
2
hhh for large s^
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Figure 26. Higgs boson pair invariant mass distributions for various values of ctt.
behaves like m2h=s^ log
2
 
m2t =s^

[31] and therefore dominates at low values of s^. The term
proportional to c2tt for large s^ behaves like log
2
 
m2t =s^

and seems to partially cancel the
logarithmic terms from chhh, such that benchmark 4 has a SM-like shape even though the
absolute value for chhh is large. The matrix element squared proportional to cgghh grows
like s^, this is why for benchmark points which have large values of cgghh, the tail of the
mhh distribution is enhanced.
In order to assess the eect of a variation of ctt while the other couplings are xed to
their SM values, we show mhh distributions for the ctt values ctt =  2; 1; 0; 1; 2 in gure 26.
The minimum of the cross section is at ctt  0:25. We observe that the enhancement of
the cross section as jcttj increases is growing more rapidly for negative values of ctt, see
also gure 8b. The shape changes compared to the SM are most pronounced in the low
mhh region.
4 Conclusions
We have calculated the NLO QCD corrections with full mt dependence to Higgs boson
pair production within the framework of the electroweak chiral Lagrangian, a non-linearly
realised Eective Field Theory in the Higgs sector, which allows to focus on anomalous
Higgs boson properties. This restricts the BSM parameter space to ve possibly anomalous
couplings, chhh; ct; ctt; cggh and cgghh.
We gave a parametrisation of the total NLO cross section and of the mhh distribution in
terms of 23 coecients of all combinations of these couplings, and also showed iso-contours
of LO and NLO cross section ratios =SM for two-dimensional projections of the parameter
space. These studies showed that the cross sections are very sensitive to variations of ctt,
the eective tthh coupling, and that the K-factors can be large and non-uniform as the
anomalous couplings are varied.
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We have also shown dierential cross sections for mhh and pT;h at several benchmark
points which exhibit characteristic shapes of the distributions. The dierential K-factors
for the mhh distributions are of the order of two, but can reach up to three and can be
very non-uniform over the mhh range. This means that a rescaling of the LO distribution
with a global K-factor can be rather misleading.
Some combinations of couplings lead to a huge enhancement of the cross section,
others lead to a total cross section which is nearly degenerate to the SM one, but the
corresponding mhh and pT;h distributions have a shape which is very dierent from the
SM one, and therefore should have discriminating power even with low statistics, which
emphasises the importance of measuring distributions.
Our analytical parametrisation of the total NLO cross section and of the mhh distri-
bution in terms of all possible combinations of anomalous couplings should open the door
to further studies of the considered BSM parameter space and lead to rened limits on
anomalous Higgs boson couplings in the not too distant future.
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A Dierential coecients of all coupling combinations for mhh
In order to allow a exible use of our results, we provide tables for the dierential coecients
of the various coupling combinations contributing to the mhh distribution. They are given
in .csv format as ancillary les to the arXiv submission and the JHEP publication. The
conventions are as follows. The given numbers are the coecients ~Ai of the coupling
combinations ci as given in eq. (3.1). We call them ~Ai rather than Ai to make clear that
they are the dierential coecients. In more detail, we provide the coecients ~Ai in
d
dmhh
=
23X
i=1
~Ai ci (A.1)
in units of fb/GeV, where the ci stand for the 23 possible combinations of couplings, in the
same order as in eq. (3.1). We should point out that the ~Ai are not normalised by the SM
values. The numbers in the 24 columns are mhh (bin center), ~A1; : : : ; ~A23. Each line gives
the numbers for one bin in mhh, with a bin size of 20 GeV. We give results for 40 bins,
corresponding to the range 250 GeV  mhh  1030 GeV (bin center values).
The coecients have been determined by evaluating 23 dierential cross sections, ob-
tained by changing the values of the ve coupling parameters. Then the system of 23
equations is solved to extract the value of each coecient ~Ai.
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B Relation between EWChL and SMEFT
Accounting for deviations from the SM within a low-energy, bottom-up eective eld theory
requires a power-counting prescription. The power counting determines, in a systematic
manner, which corrections to include, and which ones to neglect, under certain assumptions
that need to be specied. The power counting of the Higgs-electroweak chiral Lagrangian
has been reviewed in section 2.1. In this appendix we discuss how the analysis of gg ! hh
within the EWChL is related to a treatment of this process using SMEFT.
SMEFT is an EFT at the weak scale v, organised primarily by the canonical dimension
of operators. This corresponds to the assumption that New Physics enters at some generic
scale , presumably in the TeV range, and is weakly coupled to the SM elds. The
renormalisable SM then represents the leading-order term. The leading corrections are
given by operators of canonical dimension 6 (apart from a single, lepton-number violating
operator of dimension 5, which is not relevant in the present context) [3, 4]. The dimension-
6 terms relevant for gg ! hh can be written as
L6 = cH
2v2
@(
y)@(y) +
cu
v2
yt(
y qL ~tR + h:c:)  c6
2v2
m2h
v2
(y)3
+
cug
v2
gs(qL
G ~tR + h:c:) +
4cg
v2
g2s
yGaG
a : (B.1)
Here we follow the conventions used in [68], except for cg, which includes an extra factor
of the electroweak coupling g2 in the denition of [68]. We are assuming CP conservation
to leading order in L6. Then all coecients in (B.1) are real and the CP-odd operator
y ~GaGa can be omitted.
The SM amplitude for gg ! hh (rst and third diagram in the top row of gure 1)
arises at one-loop order, counting as ASM = O(1=162). Considering the next order in
SMEFT based on (B.1), we may distinguish two cases.
i) Pure dimensional counting: in this case we only assume that the dimension-6 opera-
tors in the SMEFT Lagrangian are suppressed by a factor of 1=2 from dimensional
analysis. The coecients in (B.1) are thus treated as ci = O(v2=2) by power
counting. It then follows that the dominant correction comes from the operator
yGaGa through the tree diagrams in the bottom row of gure 1. This correc-
tion to the amplitude counts as Ag = O(v2=2), a suppression that is competing
with the loop factor of ASM. All other operators in (B.1) correct vertices within the
SM loop diagrams and therefore contribute Aother = O((1=162)(v2=2)). This
is a subleading eect, negligible in the scenario under consideration. The dominant
correction is thus described by a single parameter, cg. In view of typical New-Physics
models, such a scenario appears unrealistic. To generalise the treatment, dimen-
sional counting needs to be supplemented by further assumptions, as discussed in the
next item.
ii) Dimensional counting including loop factors: supposing that the New Physics at
scale  is a weakly coupled gauge theory, it can be shown that dimension-6 operators
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with eld-strength factors are only generated through loop diagrams [4, 101]. Their
coecients then come with an extra factor of 1=162. In this case, the coecients cug
and cg in (B.1) are counted as order (1=16
2)(v2=2), while cH , cu and c6 are still of
order v2=2. As a consequence, the leading-order corrections to the SM amplitude
for gg ! hh (see gure 1) come from the tree-diagrams with cg, as well as from top-
loop diagrams with vertices modied by cH , cu and c6. All these corrections count
as order (1=162)(v2=2), a relative correction of order v2=2 to ASM.
This discussion of applying SMEFT to gg ! hh has several implications:
a) Note that under both scenarios i) and ii) the magnetic-moment type operator
qL
G ~tR gives only a subleading contribution (of order 1=16
2 times the leading
correction) and can be consistently neglected.
b) We emphasise that the loop suppression of operators with eld-strength factors in
scenario ii) follows the rules of chiral counting. The Higgs-gluon operator, for exam-
ple, is given by 2y g2s GaGa , when we include the weak4 couplings, gs for each
gluon, and  for the coupling of  to the heavy sector. The chiral dimension of the
Higgs-gluon operator is then d  2L+2 = 6, corresponding to a loop order of L = 2.
Taking into account the canonical dimension, the coecient is estimated as [102]
1
v2
1
(162)2
=
1
2
1
162
; (B.2)
where we used the NDA relation  = 4v [103]. This implies a cg of order
(1=162)(v2=2), in agreement with [101]. A similar argument holds for cug.
c) The coecients ci may be related to the couplings of the physical Higgs eld h and
compared with the corresponding parameters of the chiral Lagrangian (2.6). After a
eld redenition of h to eliminate cH from the kinetic term one nds [31, 68]
ct = 1  cH
2
  cu ; ctt =  cH + 3cu
2
; chhh = 1  3
2
cH + c6 ; (B.3)
cggh = 2cgghh = 128
2cg : (B.4)
d) After taking into account factors from loop counting in scenario ii), the parametri-
sation of New-Physics eects in gg ! hh is similar in SMEFT and in the EWChL,
as is apparent from (B.3) and (B.4). However, there are still notable dierences.
While the four SMEFT coecients cH , cu, c6 and 16
2 cg are parametrically small,
of order v2=2, the non-linear coecients ct, ctt, chhh, cggh and cgghh may be treated
as quantities of order one. No further expansion in the latter coecients is needed
when computing cross sections, whereas the SMEFT coecients should only be kept
to rst order when working at the level of dimension-6 operators. It appears that
the SMEFT treatment has only 4 parameters, instead of 5 for the EWChL, due
4In the context of power counting, \weak coupling" means a coupling of order unity, as opposed to a
strong coupling of order 4.
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to the relation in (B.4). It should, however, be kept in mind that the extraction
of Higgs couplings ultimately requires a global analysis, where other Higgs-related
processes are also taken into account. In this case, in particular for the important
single-Higgs observables, the EWChL has overall fewer parameters to describe lead-
ing NP eects [76]. It has the advantage to focus on anomalous Higgs properties and
to naturally allow for large deviations from the SM in the Higgs sector.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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